Hematopoietic cell transplantation (HCT) is a life-saving procedure for treating hematological malignancies such as leukemia and lymphoma, and for restoring marrow function in patients with conditions associated with dysfunctional hematopoiesis, such as aplastic anemia. More than 23,000 hematopoietic cell transplants are performed each year in the United States (1), offering hope of cure for patients who have failed to respond to other interventions such as conventional chemotherapy for cancer. The HCT procedure uses preparative regimens consisting of chemotherapy, radiation, radioimmunotherapy, antibody-based immunotherapy, or combinations thereof to deplete native bone marrow cells, immune cells, and residual malignant cells in patients with cancer, which establishes a competitive advantage for donor hematopoietic cells ( Figure 1A ). The patient then receives an infusion of donor hematopoietic cells, including stem cells, to restore the depleted marrow and rescue hematopoietic function for the production of leukocytes, erythrocytes, and platelets. The source of the donor hematopoietic cells used for transplant can be bone marrow, peripheral blood enriched for stem cells, or banked umbilical cord blood.
Autologous HCT occurs when hematopoietic stem cells are harvested from a cancer patient and reinfused after cytoreductive conditioning (i.e., the patient serves as his or her own donor). This strategy is unsuccessful for conditions such as leukemia, where the reinfused cells may be contaminated by malignant cells. Allogeneic HCT entails collection of hematopoietic stem cells from a (healthy) genetically distinct donor, and the patient is the recipient of the infused cells. The advantages of the allogeneic approach are that malignant cells are not reinfused with the graft, and the donor immune cells can impart an immunologic graft-versus-tumor (GvT) effect wherein they attack and destroy residual host malignant cells, thus helping to effect a cure.
Graft-versus-host disease
Unfortunately, the ugly flip side of the GvT effect in allogeneic HCT is graft-versus-host disease (GvHD), in which the grafted immune cells recognize normal host tissues as foreign (2) . GvHD remains an important cause of death after allogeneic HCT, causing morbidity in 30% to 70% of allogeneic HCT recipients (3) (4) (5) . Even when GvHD does not contribute to mortality, it can have a pernicious effect on quality of life, with some patients debilitated by diarrhea, abdominal pain, nausea, vomiting, wasting, oral ulcers, sclerosis of the skin, and other noxious manifestations (6, 7) . GvHD is characterized by damage to host tissues and organs mediated by the donor immune cells, particularly donor T cells that recognize host major and minor histocompatibility alloantigens presented by antigen-presenting cells (8) (9) (10) . Tissues affected by GvHD may include those in the gastrointestinal tract and oral mucosa, liver, skin, thymus, eye, reproductive tract, and lung.
In acute GvHD, a cascade of T cell activation, proliferation, and cytotoxic activity propagates the observed tissue damage. HCT conditioning regimens may drive this cascade by causing tissue damage that activates antigen-presenting cells. Acute GvHD is characterized by inflammation that may include dermatitis, enteritis, or hepatic dysfunction and usually develops within 100 days after HCT. Typical manifestations include a maculopapular rash (skin); nausea, vomiting and diarrhea (gut); and rising bilirubin (liver). Chronic GvHD is characterized by oral and ocular sicca, fibrotic complications affecting a wide spectrum of organs, gastrointestinal lesions, or rising bilirubin, usually with onset beyond 100 days yet within 1 to 2 years after transplant (11, 12) . There is debate regarding whether chronic GvHD is an extension and evolution of acute GvHD or subject to different triggers. Clinical manifestations, rather than onset relative to HCT, determine diagnosis with acute versus chronic GvHD (13) . The diagnosis of GvHD is frequently based on clinical findings, such as diarrhea after HCT without another known cause, but tissue biopsy can help support the diagnosis, such as detection of apoptotic cells in the intestinal epithelium and destruction of crypts (14) . Several GvHD biomarkers have been studied, but their use is limited in clinical practice (15) . Stages of Graft-versus-host disease (GvHD) is a common complication of hematopoietic cell transplantation that negatively impacts quality of life in recipients and can be fatal. Animal experiments and human studies provide compelling evidence that the gut microbiota is associated with risk of GvHD, but the nature of this relationship remains unclear. If the gut microbiota is a driver of GvHD pathogenesis, then manipulation of the gut microbiota offers one promising avenue for preventing or treating this common condition, and antibiotic stewardship efforts in transplantation may help preserve the indigenous microbiota and modulate immune responses to benefit the host. [AMPs] production that maintains intestinal bacterial populations), and goblet cells (depleting the mucus barrier separating bacteria from epithelium and immune cells). Coincident with conditioning, patients undergoing HCT typically receive systemic broad-spectrum antibiotics intended to prevent bacterial infections during neutropenia; these also disrupt gut microbiota and reduce bacterial diversity. (B) GvHD pathogenesis. Intestinal dysbiosis arising from antibiotics, altered diet, and tissue damage in HCT recipients may deplete riboflavin metabolites and SCFAs (e.g., butyrate), impairing antiinflammatory MAIT cell activation and Treg stimulation, respectively. Depletion of butyrate, the primary energy source for repair-promoting IECs, may also contribute to epithelial defects, allowing ingress of proinflammatory bacteria and MAMPs. Pattern recognition receptors on immune cells like DCs recognize bacteria and MAMPs, eliciting Th1 and Th17 responses that enhance tissue damage. Reduced bacterial diversity may correlate with reduced bile acid metabolism and increased intestinal bile acids, affecting cell function and viability. Overgrowth of mucin-degrading bacteria (e.g., Akkermansia) in the absence of complex dietary carbohydrates may further deplete the mucus barrier, permitting direct bacterial contact with the epithelial surface, activating immune cells. The net effect constitutes a disruption in the gut barrier with inflammation that may trigger and sustain GvHD. (C) Absence of GvHD. Preservation of the gut microbiota, including bacteria with key metabolic properties (riboflavin metabolism, SCFA production), dampens inflammation via MAIT cells and Tregs. Bacterial butyrate production, normal bile acid metabolism, and the absence of mucin-degrading bacteria facilitate healing of the gut epithelium. An intact barrier discourages bacterial translocation and MAMPs in the mucosa, resulting in reduced inflammation and reduced alloantigen presentation to T cells. Animal models
In 1965, Connell and Wilson showed that germ-free mice undergoing bone marrow transplantation had prolonged survival compared with conventional mice, but the mechanism for this benefit was not evident (25) . In 1971 Jones et al. demonstrated that germ-free mice receiving an allogeneic bone marrow transplant were protected from GvHD (then called secondary disease) and had prolonged survival compared with mice with a conventional microbiota (26) . Conventionalizing these germ-free mice (i.e., colonizing with microbes) after transplantation induced GvHD, resulting in death. In 1974 van Bekkum et al. confirmed that germ-free mice were protected from GvHD in their transplant model, but they did not see consistent onset of GvHD following conventionalization (27) . Protection from GvHD in germ-free animals has been confirmed in other studies (28), including with cross-species (xenogeneic) transplants that typically elicit more severe GvHD due to alloantigen mismatch (29, 30) . There are several possible interpretations of this research. In one model, the microbiota plays a direct role in promoting tissue injury or inflammation after HCT, and therefore absence of a microbiota in germ-free animals protects against GvHD by eliminating this inciting factor. However, animals raised in germ-free conditions have abnormal development, with highly aberrant immunity (31) (32) (33) . Therefore, an alternative explanation for these results posits that the process of raising animals under germ-free conditions produces an immunologically deranged host that is less capable of developing GvHD. In the first model, microbes are direct actors, while in the second model, microbes indirectly shape the immune response that influences GvHD. In actuality, both direct and indirect effects may occur simultaneously.
Compelling evidence for a direct role of the microbiota in GvHD would come from animal models with normal immunological development but an altered microbiota. van Bekkum and colleagues were the first to demonstrate protection from GvHD in such a model: mice subjected to gut decontamination with antibiotics were protected from GvHD and death after transplant (27) . Subsequent studies using antibiotic-mediated gut decontamination in mice (34) and dogs (35) corroborated these findings, supporting the notion that microbes -not just deranged immune development -most proximately affect the development of GvHD. Unfortunately, few animal studies have measured the impact of antibiotic-mediated gut decontamination on the resulting gut microbiota, or linked particular bacterial species to GvHD. However, Jenq and colleagues focused on the association between intestinal bacterial composition and GvHD in a mouse model. Using advanced molecular methods (36) , they demonstrated that depletion of Lactobacillus species (using ampicillin) was associated with worse GvHD, while replacement of lactobacilli was associated with protection. These investigators proposed that the presence of lactobacilli such as L. johnsonii in the gut helped to protect from domination with Enterococcus species and Enterobacteriaceae, which are linked to GvHD. These data emphasize that not all bacteria have the same effect on GvHD: the collection of bacterial species and their function matter. Simms-Waldrip et al. analyzed the stool microbiota of pediatric patients undergoing HCT and noted that loss of key Clostridia such as Clostridium leptum and Eubacterium rectale was associated with increased GvHD; these results were replicated in a mouse model of GvHD (37) . These animal studies GvHD in each organ (skin, gut, and liver) help to determine the overall peak grade of GvHD in the patient, ranging from grade 0 (no GvHD) to 4 (extreme GvHD) (16) .
Prevention and treatment of GvHD
Approaches to minimize GvHD include optimization of HLA matching between donor and recipient, in vivo or in vitro T cell depletion, and use of immunosuppressive prophylaxis to inhibit T cell replication and IL-2 production after HCT (e.g., cyclosporine, tacrolimus, methotrexate, mycophenolate mofetil) (17, 18 ). Yet, despite such efforts, GvHD remains a major problem after HCT (3) (4) (5) . Glucocorticoids are standard first-line therapy for acute and chronic GvHD. However, some patients fail to respond, or develop glucocorticoid-resistant disease that portends a grave prognosis. Unfortunately, glucocorticoid treatment can also cause numerous complications. There are strong correlations between initial treatment with high-dose glucocorticoids and increased risks of cytomegalovirus disease and fungal infections (19, 20) . Noninfectious complications of steroid treatment include osteoporosis, myopathy, avascular necrosis of the hip, and cataract formation.
Responses to second-line immunosuppressive therapies are also poor (21) . Secondary treatment trials for GvHD have a long history of failure, and few proven new treatments exist for this condition. Despite decades of research, rates of chronic GvHD continue to rise (3). Curiously, some HCT recipients with excellent HLA matching to their HCT donor still develop GvHD, while other recipients with less optimal HLA matching do not develop GvHD. Furthermore, some patients undergoing autologous HCT develop a syndrome of pseudoGvHD that responds to steroids, which does not fit current models of pathophysiology since no mismatch exists in either major or minor tissue antigens of graft and recipient tissue. Clearly, our understanding of GvHD drivers is incomplete. New paradigms are needed to better understand GvHD pathogenesis, because opportunities to develop new approaches for prevention and treatment will arise based on this knowledge. As our patients continue to die with treatment-refractory GvHD, it is time to think more broadly about this disease.
The microbiota and GvHD
Human mucosal surfaces and skin harbor a complex microbiota of bacteria, archaea, fungi, other protists, and viruses, with each body site (or niche) colonized with a distinct consortium of microbes. These consortia are referred to as the microbiota, whereas the microbiome refers to the microbiota, their associated genes, and their environment. The microbiota is critical for maintaining healthy tissues and stimulating immunity, but unhealthy alterations in microbial populations (dysbiosis) have been linked to disease and defects in immunity. GvHD most commonly affects tissues that have a microbiota, such as the gut, mouth, and skin, or the liver (which is seeded with microbial products from the portal circulation). What is the evidence that the microbiota may influence GvHD? Surprisingly, in the 1970s some of the earliest animal studies of bone marrow transplantation hinted at a role for the microbiota in GvHD, and this evidence continues to accumulate. For a detailed bibliography on the microbiota and HCT outcomes, please see several informative recent reviews (22) (23) (24) . This Review will focus on the microbiota as it relates to GvHD, and specifically the bacterial biota, though fungi and viruses may also play a role. adult and pediatric HCT recipients that metronidazole use is associated with reduction in acute GvHD, no additional trials have been published, and metronidazole has not been adopted as a standard approach to reduce GvHD incidence or severity.
More recently, seminal studies have used advanced molecular microbiological methods to further elucidate the link between the human microbiota and GvHD. Robert Jenq, Carles Ubeda, and colleagues studied changes in the gut microbiota of humans undergoing allogeneic HCT, including eight patients with GvHD and ten controls without GvHD (36) . Patients experiencing GvHD had decreased stool microbial diversity, increased lactobacilli abundance, and decreased representation of bacteria in the Clostridiales order. Allogeneic HCT was associated with major shifts in the gut microbiota, with severe perturbations associated with GvHD risk. Another study by Ying Taur and colleagues showed that loss of bacterial community diversity in stool at time of engraftment post-HCT was associated with reduced overall survival and increased transplant-related mortality (48) . For example, survival at 3 years after HCT was 36%, 60%, and 67% for groups with low-, intermediate-, and high-diversity gut microbiota, respectively (P = 0.019). These findings generated enthusiasm for efforts to restore gut bacterial diversity after HCT. The challenge in interpreting this study is common to the microbiome field: we do not know whether low gut microbial diversity is a driver of mortality or a marker of another process linked to mortality. For example, it is possible that a low-diversity microbiota drives mortality through loss of protective bacteria that normally promote healthy gut barrier function and immune tolerance, and/or through gain of dominant pathobiont populations that produce inflammation, infection (e.g., bacteremia), and GvHD. Alternatively, rather than being in a causal pathway for mortality, low gut microbial diversity may simply be a marker of a disturbed microbial ecosystem. Low microbial diversity could, for example, indicate receipt of previous courses of antibiotics, which are linked to prior courses of chemotherapy, which in turn are linked to uncontrolled malignancy and tissue toxicity. An interventional study designed to restore bacterial diversity would be the only definitive way to prove that gut microbial diversity is a driver of mortality. In contrast to its association with mortality, no demonstrable association was observed between stool bacterial diversity and GvHD itself in the study by Taur and colleagues. However, as noted by Jenq et al. in 2015 (49), Taur's study likely lacked the power to fully probe this relationship because patients received T cell-depleted grafts that reduce GvHD incidence.
To overcome this limitation, Jenq et al. investigated the connection between the gut microbiota and GvHD in 64 HCT recipients of T cell-replete grafts, revealing an association of Blautia bacterial species with reduced risk of GvHD-related mortality, reduced use of steroids for treatment of GvHD, and increased overall survival. This association demonstrated excellent reproducibility in a validation study of 51 HCT recipients of T cell-replete grafts at the same institution (49) . Interestingly, Blautia species were not associated with clinical diagnosis of GvHD, but rather GvHD-related mortality. Low gut bacterial diversity was also associated with increased GvHD-related mortality, consistent with previous studies. Importantly, the association between Blautia species and GvHD means that key microbial taxa may mitigate inflammation in GvHD, and could be used in a probiotic approach to prevent GvHD if it behaves provide convincing evidence that microbes have a role in modulating GvHD in well-controlled experimental systems.
Human studies
It is not feasible to make humans "germ-free" to assess the impact of the microbiota on GvHD risk, but it is possible to alter the microbiota using antibiotics, in either observational studies or controlled trials, and assess the effect on GvHD. Several studies performed at the Fred Hutchinson Cancer Research Center examined the impact of oral antibiotics combined with protective isolation or laminar airflow rooms as an intervention against infectious complications and GvHD compared with standard care. Use of oral antibiotics for gut decontamination reduced incidence of acute GvHD or delayed GvHD onset in some studies and patient populations (38) (39) (40) , but lacked benefit in other studies (41, 42) . Heterogeneity in study design and interventions may explain this lack of consistency. Vossen et al. demonstrated lower rates of acute and chronic GvHD in pediatric patients undergoing allogeneic HCT when treated with nonabsorbable antibiotics for complete gut decontamination, compared with patients receiving antibiotics for selective gut decontamination (43) . In a follow-up study using a variety of different antibiotics, Vossen and colleagues demonstrated that successful gut decontamination in pediatric HCT recipients reduced incidence of acute GvHD, compared with those without successful decontamination (44) . These studies raise several questions: are differences in efficacy in these studies related to differences in the antibiotics used for gut decontamination, antibiotic efficacy, hosts (e.g., study population, underlying disease, conditioning regimen), GvHD prophylaxis, power of each study to detect a difference, or other factors? One critical factor missing from these studies is detailed analysis of the microbiology.
In 1992, Beelen et al. showed that allogeneic HCT recipients experienced reduced rates of GvHD when treated with oral, nonabsorbable antibiotics if they had sustained depletion of anaerobic bacteria as measured by stool culture (45) . This observation formed the basis for a randomized, open-label trial of anti-anaerobic antibiotic therapy (metronidazole) to deplete gut anaerobes linked to GvHD (46) . Oral metronidazole plus oral ciprofloxacin was compared with oral ciprofloxacin alone for prophylaxis and gut decontamination in adult patients undergoing allogeneic HCT (46) , with the expectation that metronidazole would be effective in depleting gut anaerobes whereas ciprofloxacin would not. Among the 134 study participants, the incidence of grades II-IV acute GvHD was 52% in the ciprofloxacin arm and 25% in the metronidazole plus ciprofloxacin arm. This striking halving of acute GvHD incidence was associated with reduced anaerobic bacterial colony counts in stool. The effect of metronidazole on acute GvHD was most evident for recipients from HLA-matched sibling donors, and there was no significant impact on chronic GvHD or overall survival. Stephen Guthery and colleagues performed an open-label pilot study of oral metronidazole prophylaxis in pediatric patients undergoing allogeneic HCT, assessing GvHD incidence in comparison with historical controls (47) . In a multivariate analysis, the relative risk of grades II-IV GvHD was 0.36 (P = 0.05) for the 19 evaluable patients receiving metronidazole, providing evidence of protection from GvHD. None of these studies characterized the stool microbiota using advanced molecular methods. Despite evidence in both ly associated numerous gut bacterial species from different phyla with decreased or increased risk of developing GvHD. In contrast, a study by C. Liu and colleagues (56) did not show an association between acute GvHD and stool bacterial taxa or diversity in the 57 recipients analyzed, but they did note that higher bacterial diversity in the donor was associated with reduced risk of GvHD in the recipient in 22 studied pairs. The mechanism for this association is not clear. A retrospective study by Routy et al. (57) found that allogeneic HCT recipients receiving mostly quinolone antibiotic prophylaxis had higher rates of GvHD compared with patients not receiving antibiotic prophylaxis, though multiple differences between the compared patient groups, including conditioning regimens and cell source, may have influenced these results. Common findings from these important studies link the gut microbiota to GvHD. However, differences in antibiotic-use practices, individual antibiotic histories, hosts (underlying cancer or condition, previous chemotherapy), treatment protocols (including conditioning regimens, T cell depletion of grafts), and other unmeasured factors across transplant centers can lead to heterogeneity in findings. If these scientific findings are to be broadly useful to the larger population of patients undergoing allogeneic HCT, then we need to identify common patterns and mechanisms linking the microbiota to GvHD risk. For example, almost all studies associate reduced stool bacterial diversity with GvHD risk or mortality. Enterococci have been associated with elevated risk of GvHD in several studies, but the role of lactobacilli in GvHD is less clear (36, 52, 56) . It is possible that lactobacilli increase in concentration before onset of GvHD, and yet still offer some protection in comparison with subjects without lactobacilli. Results derived from a mouse model by Jenq and colleagues (36) are consistent with this scenario, highlighting that while microbes may be markers of GvHD risk, modulators of GvHD risk, or both, the directionality of these associations can be complex.
The microbiota paradox in GvHD
Animal and human studies noted above illuminate a possible conceptual conflict. Evidence of protection from GvHD exists in germfree animals, animals treated with antibiotics for gut decontamination, and humans treated with oral nonabsorbable antibiotics or metronidazole (targeting anaerobes) for gut decontamination, suggesting that gut bacteria promote development of GvHD. Yet human and animal studies also demonstrate that protection from GvHD is associated with high alpha diversity and high abundance of anaerobes in the Clostridia class and Lachnospiraceae family, suggesting a beneficial effect of gut microbes against GvHD. How can these discordant observations be true? It is possible that complete absence of bacteria in the gut removes microbial products as triggers of inflammation and this effect dominates in protecting from GvHD. On the other hand, if complete gut decontamination is not achieved, then the remaining bacterial community may shape GvHD risk in different directions, with some bacteria, such as Enterococcus species, increasing risk and other bacteria, such as Blautia species, decreasing risk. The degree of GvHD risk may thus reflect the balance of beneficial and deleterious bacteria present in the gut. For example, it is possible that metronidazole use allows for growth of key Lachnospiraceae associated with health while depleting some Bacteroides species associated with disease.
as a driver in this process. For example, evidence in a murine model links use of the probiotic strain of Lactobacillus rhamnosus GG with reduced GvHD and improved survival (50) . But mice are not humans, and we need to identify bacteria associated with reduced GvHD risk in humans. Indeed, a randomized controlled trial of L. rhamnosus GG probiotic in human allogeneic HCT recipients demonstrated no benefit in preventing GvHD (51) .
In a study of 31 patients undergoing allogeneic HCT, Holler, Butzhammer, and colleagues examined the stool microbiota using broad-range 16S rRNA gene PCR with pyrosequencing and taxonspecific endpoint PCR for Enterococcus species (52) . Patients received prophylactic antibiotics consisting of ciprofloxacin and metronidazole from day 0 of transplant until engraftment, in addition to pretransplant trimethoprim-sulfamethoxazole, and other antibiotics for infections. PCR studies demonstrated loss of bacteria in the Firmicutes phylum, and an association of GvHD risk with both relative abundance and prevalence of enterococci. The authors also measured urinary concentrations of indoxyl sulfate, a metabolite of tryptophan that is produced by commensal gut bacteria and excreted in urine. Low levels of urinary indoxyl sulfate were associated with antibiotic use and GvHD, and levels nadired at the time of neutropenia. Urinary indoxyl sulfate is a potential biomarker of gut bacterial community disruption and GvHD risk, as well as other negative outcomes (53).
Biagi et al. examined the gut microbiota in ten pediatric patients undergoing HCT, noting lower relative abundance of Bacteroides and Parabacteroides species in patients who went on to develop acute GvHD. Furthermore, they showed lower levels of propionate (a short-chain fatty acid [SCFA]) in stool samples from subjects with GvHD (54). Doki et al. examined the stool microbiota of 107 allogeneic HCT recipients prior to transplant and noted little ability to predict GvHD, and no association between stool bacterial diversity and overall survival, relapse, nonrelapse mortality, or GvHD (55) . This study suggests that the gut microbiota may be more informative in predicting GvHD after transplant, such as at engraftment, than before transplant, as noted below.
Golob et al. analyzed the gut microbiota from stool samples collected weekly in 66 patients undergoing allogeneic HCT (56) . Using broad-range 16S rRNA gene PCR with next-generation sequencing, they determined that severe acute GvHD of the gut was associated with reduced bacterial alpha diversity (i.e., site-specific species diversity and evenness) in stool at engraftment, confirming a finding noted by other investigators (49) . The decline in bacterial diversity in stool is expected, given multiple antibiotics administered to HCT recipients for prophylaxis, empiric therapy, or directed therapy, but the degree of change was linked to GvHD. Absence of members of the Lachnospiraceae family (including particular Blautia species) at the time of neutrophil engraftment was associated with increased risk of GvHD, while the presence of oral Actinobacteria and oral Firmicutes in the gut was associated with increased risk of GvHD. A metric was calculated to predict GvHD risk based on the sum of relative abundances of bacteria positively associated with GvHD risk minus the sum of relative abundances of bacteria negatively associated with GvHD risk. A receiver operating characteristic curve for this gradient had an area under the curve of 0.83, suggesting that assessment of stool microbiota at the time of engraftment has modest ability to predict GvHD onset. This analysis significant- If this model is true, two potential strategies emerge for reducing GvHD in humans. Eradicating all bacteria from the gut and maintaining this state is likely to be a difficult task indeed, owing to challenges with bacterial antibiotic resistance and exposure to nonsterile environments even when patients are in protected isolation. A more feasible alternative might be to engineer the gut microbiota of HCT recipients, augmenting with strains of bacteria that outcompete pathobionts such as Enterococcus and the Enterobacteriaceae, while providing critical microbial metabolites such as butyrate, which facilitates regrowth of intestinal epithelial cells and dampens inflammation by promoting regulatory T cell (Treg) activity. All patients will eventually be "conventionalized" with gut microbiota after cessation of antibiotics. Therefore, efforts should be focused on preserving the diversity of HCT recipients' gut microbiota, including bacteria associated with optimized gut function and immunity, while supplementing patients with beneficial bacteria when they have evidence of diversity loss, mono-domination by pathobionts, and dysbiosis. These efforts may include optimizing antibiotic selection to preserve gut bacterial diversity, using oral β-lactamase enzymes to degrade intraluminal antibiotics (58, 59) , administering live organisms that protect from GvHD, and using diet and prebiotics to promote growth of beneficial bacterial taxa.
Mechanism
Multiple mechanisms have been proposed to explain how the gut microbiota influence the development of GvHD (Table 1) . The microbiota may stimulate host cell inflammation via influx of bacteria or microbe-associated molecular patterns (MAMPs) across an epithelial barrier disrupted by conditioning chemotherapy and radiation (50, 60, 61) . These bacteria and MAMPs may then interact with pattern recognition receptors on human cells, recruiting inflammatory cells operative in GvHD. The multiple immune cells and pathways linked to GvHD pathogenesis in animal and human studies are summarized in Table 1 .
In addition, the gut microbiota can influence host cell physiology via production of metabolites such as the SCFA butyrate (e.g., by Lachnospiraceae) (62) . Butyrate is a primary energy source for intestinal epithelial cells, but also impacts inflammatory signaling pathways (63) and improves wound healing in the intestine at high concentrations (64) . In a murine model, SCFAs made by the gut microbiota attenuated GvHD (65) , and low butyrate levels in intestinal tissue were associated with GvHD (66) . Furthermore, gavage with butyrate or a Clostridia mixture reduced GvHD independently of Treg number (66) . Butyrate also functions as a histone deacetylase inhibitor to inhibit antigen-stimulated T cells Reduced antimicrobial peptide (AMP) production
Maintains gut microbiota diversity and balance; increasing AMP (α-defensin) production prevents GvHD-mediated dysbiosis in mice Loss of Paneth cells, which produce AMPs in the small intestine, is a marker of GvHD risk. Production of AMPs (α-defensins) by Paneth cells prevents GvHD-mediated dysbiosis.
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Loss of mucus barrier May increase opportunities for bacteria and MAMPs to stimulate immune cells
Loss of goblet cells, which produce mucus, has been linked to GvHD. Imipenem-cilastatin treatment in mice with GvHD is associated with increased levels of the mucinolytic bacterium Akkermansia muciniphila, thinning of the mucus layer, and compromised intestinal barrier function.
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Neutrophils
Recruitment to the intestines is microbiota-dependent GvHD severity correlates with neutrophil levels in GvHD lesions in humans. Depletion of neutrophils reduces GvHD-related mortality in mice. Recipient neutrophils in mice carry alloantigen from gut mucosa to lymph nodes for presentation to donor T cells. that mediate GvHD (66) (67) (68) (69) (70) . These data suggest a mechanistic link between gut bacteria, metabolites, and GvHD risk. Changes to patients' gastrointestinal tracts during HCT may in turn affect the gut microbiota. For example, overgrowth of pathobionts may result from a loss of antimicrobial peptide-producing Paneth cells in the small intestine (71) (72) (73) . Indeed, loss of Paneth cells is a marker of GvHD risk in humans (74) . Similarly, loss of goblet cells and the associated mucus barrier excreted by these cells has been linked to GvHD (75) . The large intestine's mucus layer keeps the microbiota distant from epithelial cells, and loss of this layer may increase opportunities for stimulation of immune cells. Loss of Paneth cells in the small intestine, loss of the mucus barrier in the large intestine, and disruption of epithelial barriers due to conditioning chemoradiotherapy may create a perfect storm of microbe-driven inflammation in the gut ( Figure 1B) .
The future
Research investigating the microbiota and GvHD has great potential to illuminate the pathophysiology of GvHD, but also shed light on how interventions such as antibiotics and cancer therapy impact the microbiota, and how the microbiota influences immunity, autoimmunity, tissue repair, and physiology ( Figure 1C ). Patients undergoing allogeneic HCT are a biological extreme; they lack a functioning immune system in the pre-engraftment period, experience a new immune system at engraftment, and are subject to radical changes in their microbiota while receiving antibiotics and recovering from conditioning-related tissue damage. Important findings are likely to emerge at this extreme of biology, but attention to key concepts will help expedite progress:
Descriptive versus mechanistic investigations. We are still in an era of describing how the microbiota is associated with GvHD, and this is appropriate. One needs to know the actors to fully understand the actions of the microbiota. However, future studies examining mechanism have the potential to identify interventions that will help translate these associations into therapies for the treatment and prevention of GvHD if the microbiota is causal. For example, understanding how the gut microbiota metabolizes host-derived compounds to promote or ameliorate inflammation may lead to new drugs that treat GvHD by blocking or augmenting these pathways, respectively.
Elucidating the microbiota-GvHD connection. Opportunities for change. The human gut microbiota is relatively stable and diverse, making it difficult to change the microbiota in healthy people using interventions such as probiotics (87) . But patients undergoing allogeneic HCT tend to lose bacterial diversity, as with Clostridium difficile colitis (58, 88) . This situation creates an opportunity to intervene by reestablishing diversity using microbes that modulate inflammation.
Moving beyond probiotics. The disrupted gut microbiota in allogeneic HCT recipients may enable reformulation of the microbiota using interventions such as fecal microbiota transplants and administration of engineered microbial communities that restore complete microbial communities. Studies of fecal microbiota transplantation and other interventions are under way and may provide more direct evidence for the microbiota's role in GvHD (Table 2) .
Genetic and environmental influences. The host, microbiota, and environment interact to influence propensity for disease. There are many studies focused on how the microbiota and environment interact to affect GvHD, but we also need to explore how host genetics, and particularly immunogenetics, influence the pathogenesis of GvHD (77, 89) . Patients undergoing HCT may have increased or decreased inflammatory responses to commensal microbes due to single-nucleotide polymorphisms in innate pattern recognition receptors, which may affect GvHD incidence and severity (76) . In addition, commensal microbial production of butyrate may affect host cell proteins such as the epithelial butyrate receptor peroxisome proliferator-activated receptor-γ, leading to decreases in nitrate and oxygen levels that inhibit the replication of Enterobacteriaceae (90) . In the absence of butyrate-producing commensals, disrupted host signaling may promote the emergence of pathobionts. We need to study the host as well as microbes, in defined environments, to truly understand how microbes may contribute to GvHD. unclear which gut bacteria are most linked to GvHD risk in humans, and whether changes in the gut microbiota cause GvHD, result from GvHD, or both. Studies in humans that manipulate the microbiota and then measure GvHD and microbiological outcomes will help advance the field. These interventions may include truncated use of antibiotics in afebrile neutropenic patients (83) , or improved antibiotic stewardship with reduced use of antibiotics such as carbapenems and piperacillin-tazobactam to preserve gut microbial diversity (84) . Alternatively, active measures should be explored to determine whether fecal microbiota transplants (85) , engineered microbial consortia, or nutritional/prebiotic interventions reduce GvHD risk and successfully treat patients with GvHD.
Improving taxonomic resolution. Despite use of modern molecular microbiological methods, such as consensus sequence 16S rRNA gene PCR with next-generation sequencing to assess bacterial community composition, there is inadequate taxonomic resolution in some studies. Many 16S rRNA gene analyses only provide classification of bacteria at the genus, family, order, or even phylum level, lumping disparate bacteria into a single designation. Different bacterial species within a genus can have different functional and immunological impacts. For example, our data show that certain Bacteroides species are associated with increased risk of GvHD whereas others are associated with reduced risk (86) ; lumping these different bacteria into the Bacteroides genus for analysis would miss this differential effect. Even species-level designation may be inadequate in circumstances in which bacterial strains within a species have different capabilities and functions, highlighting the value of true metagenomics studies (sampling all DNA, not just rRNA genes) to assess community gene content and function. It is difficult to achieve consensus in the field when different studies identify the same 16S rRNA gene sequence but report different taxonomic designations for the bacterium. Accurate species-and strain-level identification is necessary to move the field forward.
Understanding temporal dynamics. Time is a critical element to study when linking the gut microbiota to GvHD risk. It is imperative to determine whether changes in the gut microbiota precede or follow the development of GvHD, or both. This requires detailed longitudinal studies with frequent sample collection throughout the transplant period, including before transplant, at engraftment, and for the period of GvHD risk. Cross-sectional studies cannot inform regarding the directionality of the association between changes in bacterial populations and gut pathology. Knowing that a population of microbes change before the onset of pathology is useful in determining whether microbes are drivers or passengers in GvHD.
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